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Abstract: The bellows pneumatic actuator, which is made by folding a non-stretch film, has been
proposed for various applications because it is easy to fabricate and is extremely thin and light.
However, it has subpar durability performance, especially in the folded part of the film. In this study,
we propose an actuator with a pod structure that possesses high design flexibility and is free from
folding. A method of molding a pod structure on a polyimide film was established and a pneumatic
actuator was successfully fabricated by using PI films. Two types of PI film pneumatic actuators
with the same curvature, bellows type, and pod type were fabricated. Both were confirmed to have
equivalent output characteristics. The bending angle and generated torque of the pod-structure
actuator were 34◦ and 3.3 mNm, respectively. In addition, the pod structure has approximately twice
the durability of the bellows structure. By using the fabrication method proposed in this paper, it is
possible to realize an air chamber (i.e., an actuator) that has both high durability and bending motion.
Keywords: soft robotics; pneumatic actuator; film; molding; welding; polyimide; filmotics
1. Introduction
In the future, robots are expected to be active in the fields of medicine, agriculture,
nursing care, and welfare. In these fields, robots need to operate in environments where
fragile objects or objects of unknown shapes exist, such as human bodies or natural objects.
Conventional highly rigid robots, which are mainly used in the industrial field, are often
unsuitable for these tasks in terms of safety and shape adaptability. For these reasons,
research on soft robots, which can ensure safety through mechanical compliance, has
attracted attention.
In order to realize soft robots, pneumatic soft actuators have been investigated [1,2].
The softness of the actuators is attributed to the gas compressibility and softness of the
material used to make the actuator. Currently, many types of pneumatic soft actuators
have been researched and developed [3–6]. They have also been applied to robot arms and
hands as a safe driving source [7–11].
Many of these studies were based on the use of rubber molding or rubber tub-
ing [12,13]. The expansion and deformation of the rubber chamber caused by the ap-
plication of gas pressure is controlled by structural and mechanical constraints and is used
as an actuator [14–18]. The McKibben-type artificial muscle using a fiber constraint is one of
the most popular ones [19,20]. By contrast, a pneumatic film actuator uses a non-stretchable
film. Film actuators are extremely lightweight owing to the thinness of their constituent
materials. In the standby state where no gas is applied, most of the actuator will only be
as thick as a laminated film. Therefore, robots and machine elements that can be easily
stacked and transported are expected to be realized by using film actuators [21,22]. The
actuator can also be permanently installed without taking up much space by wrapping it
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around something or tucking it into a crevice. For this reason, the demand for an inflatable
structure such as a film actuator is increasing not only in the aforementioned application
fields but also in fields such as space development where lightness and portability are very
important [23,24]. Our research proposes a new concept of robotics that consists of only
film-like actuators and structures. The concept is named “Filmotics”, which is a compound
of the words film and robotics.
Pneumatic actuators made of films can be classified into the following types: The first
involves fabricating a simple balloon chamber and using its expansion and contraction
as actuators. It has advantages including simple structure, high stability, and large dis-
placement by stacking [25–27]. The second is an actuator that combines a simple balloon
structure with another structure to convert the motion of the chamber. These include
pneumatic artificial muscles made of a film with a sleeve attached around the balloon [28]
and actuators that convert motion by integrating with the frame and linkage mechanisms
that form the skeleton [29,30]. These actuators can be combined with different structures to
create a wide variety of movements.
There is also a type in which the chamber itself creates motions other than expansion
and contraction. In this type, the motion is realized by folding the film that constitutes the
chamber [31]. This type is advantageous because it is simple to fabricate and can achieve
bending and twisting motions without requiring any other mechanism. In our research,
a bellows actuator has been realized by using polyimide films, which has high extreme
environmental resistance [32]. This actuator has a minimum drive temperature that is
much lower than previous soft actuators and can be driven at 78 K. However, as will be
discussed in the next section, repeated durability remains an issue due to the unfolding
behavior of the folded part and buckling deformation caused by geometric failure.
In order to solve this problem, this paper presents a method for realizing a pneumatic
film actuator in which the air chamber itself performs the curving motion without folding.
The actuator can be fabricated simply by designing an expansion shape to achieve the
curving motion and by welding the molded film. The prototype actuator exhibits a
performance equivalent to that of the previous bellows actuator and the durability has also
been improved.
2. Design of Structure
A schematic view of the pneumatic bellows actuator of the PI films is shown in
Figure 1. The actuator was fabricated by welding a bellows-folded film and an unformed
film. The width of the folded film was longer than that of the unformed film and the folded
film was welded in a curved shape in the width direction. When gas pressure is applied, the
bellows expand and a difference in the path length between the upper and lower surfaces
is created in the expanded state. This difference in path length causes the actuator to bend;
the bending of the actuator is akin to the bending of a finger. This fabrication method is a
very simple procedure and can realize an actuator for extreme environments.
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Figure 1. Schematic view of pneumatic bellows actuator of PI films: (a) folded actuator; (b) un-
folded actuator by applying gas pressure. 
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deformation and buckling deformation of the film increases owing to its non-stretching 
characteristics and fatigue failure progresses rapidly [33]. Especially in curved actuators 
with a bellows structure, there are many cases of failure from the center of the folded part, 
as shown in Figure 1b. The part is deformed the most during the transition to the unfolded 
state and undergoes buckling deformation. In addition, fatigue fractures are likely to oc-
cur because of the creases in this part. In other words, the current actuator structure is not 
entirely durable. 
Therefore, instead of bellows folding, a structure is molded on the film, which creates 
a difference in path length when gas is applied. The difference in the path length should 
vary depending on the width direction of the actuator to prevent localized deformation. 
This means that the difference in the path of the upper and lower films caused by the 
unfolding of the bellows structure, which changes with position, is achieved by the struc-
ture. For this reason, the formed structure takes on the shape of a bean pod, as shown in 
Figure 2. This structure is termed the pod structure in this study. 
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The molded film and its dimensions are shown in Figure 3. When the actuator was 
fabricated, the upper film was curved and welded to a lower film. Therefore, the coordi-
nate system of the molding film takes the u-axis as the axis along the curved upper film. 
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However, when the actuator is driven cyclically for a long period of time, the local
deformation and buckling deformation of the film increases owing to its non-stretching
characteristics and fatigue failure progresses rapidly [33]. Especially in curved actuators
with a bellows structure, there are many cases of failure from the center of the folded part,
as shown in Figure 1b. The part is deformed the most during the transition to the unfolded
state and undergoes buckling deformation. In addition, fatigue fractures are likely to occur
because of the creases in this part. In other words, the current actuator structure is not
entirely durable.
Therefore, instead of bellows folding, a structure is molded on the film, which creates a
difference in path length when gas is applied. The difference in the path length should vary
depending on the width direction of the actuator to prevent localized deformation. This
means that the difference in the path of the upper and lower films caused by the unfolding
of the bellows structure, which changes with position, is achieved by the structure. For this
reason, the formed structure takes on the shape of a bean pod, as shown in Figure 2. This
structure is termed the pod structure in this study.
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In the bellow structure, the longitudinal cross-sectional view of the curved state with 
air pressure applied is shown in Figure 4. The folded length at the point where the two 
films are welded together (welded area) is b and the length after the bellows expansion is 𝜆𝑏. The lengths of the upper and lower films must be similar in the unmold; therefore, 𝜆 1. The height from the welded area was ℎ 𝑢  and the height at the top of the shape 
was ℎ . 
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From the relationship between the cross-sectional shapes, the elongation length by 
molding, 𝑙 𝑢 , is given by the following equation. 𝑙 𝑢 𝜆 1 𝑏 ℎ 𝑢ℎ . (1)
The cross-section of the curved state with pneumatic pressure applied is shown in 
Figure 5. Due to the difference in width between the upper and lower films, the former 
covers a larger part of the circumference. The width of the upper film is 𝑤 , the width of 
the lower film is 𝑤 , the radius of the actuator is r, and the angle between the welded area 
and the bottom is ϕ . The angle ϕ between the welded area and a point of the circum-
ference of the circle with height ℎ 𝑢  is given by the following equation. ϕ 𝑢 𝑢𝑟. (2)
Figure 3. Required elongation of upper fil .
I t e ello str cture, the longitudinal cross-sectional view of the curved state ith
air press re applie is sho n in Figure 4. The folde lengt at the point here the two
fil s r ) is b and the length after the bellows expansion
is λb. The lengths of the u per and lower films ust e il t r f re,
λ ≥ . h(u) and the height at the top of the shape
as hU.
From the relationship between the cross-sectional shapes, the elongation length by
molding, lλ(u), is given by the following equation.
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Here, ℎ 𝑢  is expressed as follows. ℎ 𝑢 𝑟 cosϕ 𝑟 cos ϕ 𝑢 ϕ . (3)
The upper and lower film width ratios are defined as follows. 𝑘 𝑤𝑤 . (4)
From the relationship between circumference and film width, ϕ  is expressed as the 
following. ϕ 𝜋𝑘 1. (5)
By substituting and transforming the above equation, ℎ 𝑢  can be expressed as fol-
lows. ℎ 𝑢 2𝑟 sin 𝑢2𝑟 𝜋𝑘 1 sin 𝑢2𝑟 . (6)
Here, ℎ  is calculated using the following equation. ℎ 𝑟 𝑟 cos 𝜋𝑘 1 . (7)
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the shape that can achieve the desired bending angle is calculated. In order to design a 
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The diameter of the actuator depends on 𝑤  and 𝑤 . 𝜆 can take various values, unlike the bellows-type actuator. On the other hand, the 
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From the above, in order to realize a single shape, the elongation length lλ(u) of the

















From Equation (8), the shape that will be elongated by molding can be obtained for
fabricating an actuator that generates a curving motion using the difference in the length
of the upper and lower film. By determining each parameter, the elongation required for
the shape that can achieve the desired bending angle is calculated. In order to design a
shape similar to the bellows structure, the number of folded films is three; thus, λ = 3. The
diameter of the actuator depends on wU and wL.
λ can take various values, unlike the bellows-type actuator. On the other hand, the
upper limit of λ depends on the maximum elongation of the film to be molded. The
maximum elongation was increased by heating the film to soften it. For this reason,
molding should be performed under heated conditions.
3. Fabrication of Pod Structure
The required elongation of the film was calculated based on the obtained design
equation and a molding shape was designed. A molded shape in the direction of elongation
is shown in Figure 6. The center of the shape was set as a zero point. Each parameter was
set to the values listed in Table 1 to achieve a bending angle of 36◦. A mold for the pod
structure was fabricated based on the elongation.
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The fabricated mold for PI film molding is shown in Figure 7. The mold was made of 
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the molding method is shown in Figure 8. The PI film was held and positioned in the 
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Table 1. Design parameter for pod structure.
Properties Symbol Value
idth of upper film wU 20 mm
idth of lower film wL 10 mm
Standard molding width b 3 mm
Curvature ratio λ 3
The fabricated mold for PI fil molding is shown in Figure 7. The mold was made
of duralumin and the complex shape was shaped using a machining center. An outline
of the molding method is shown in Figure 8. The PI film was held and positioned in the
fixture. There is a hole in the center of the fixture through which the mold passes. The
mold was heated to a high temperature and pressed against the film to form a PI film into
the designed shape.
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e fil in contact ith the mold was stretched to fit its shape. ther areas ere
stretched under the conditions in which t e film was most stable. In a mold with a curved tip,
the width of t e structure changes depending o the amount of push-in. If the mold is pushed
too deeply, he film is stretched only in t epth direction out of the ra ge of the mold.
As the temperature increases, the film softens and becomes easier to stretch with
lesser force. The maximum st tch ra io o the films also incr ases. Therefore, the molding
conditi ns wer evaluated by molding the film at different molding t mperatures and
pressures and m asuring the width of molded film. In preliminary experiments,
pyrolysis occurred below the glass transition temperature of the PI film b cause the mold
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was pressed for a long time. Therefore, the molding was performed below the glass
transition temperature. The molding temperature was controlled to a constant value by
a heater unit and the temperature of the mold was measured beforehand. The molding
pressure on the film was adjusted by the pressure applied to the air cylinder.
The molded PI film and the measured elongated width are shown in Figure 10. The
target width was set to 20 mm to match the fabricated mold. The relationship between
the molded width, temperature, and applied pressure is shown in Figure 11. By applying
pressure in excess of a certain value, a width of 20 mm was obtained, confirming that
the film was molded correctly. The higher the temperature, the softer the film becomes,
indicating that the film can be molded at a lower pressure. By contrast, increasing the
temperature caused the film to change its properties and tears were more likely to occur.
At pressures above 290 kPa, the shape was molded beyond the range of the mold. In this
study, the molding conditions were set to 200 ◦C and 280 kPa.
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4. Fabrication of Actuator
A bellows-type actuator and pod-type actuator were fabricated. The fabrication of
the actuator consists of two processes: fabrication of the air chamber and piping to the air
chamber. Only the fabrication process of the chamber differed depending on the type of
actuator. The chamber was fabricated by welding two 25 µm thick PI films. Each structure
was fabricated by using an u per film.
In the case of the bellow structure, the film was folded, as shown in Figure 12. The
chamber has thr e pleats, with the center pleat contributing to the bending motion. The
pleats at both ends form the ac uator when inflated. The folded leng of the bending
part (below the center) was 3 mm. The upper film was b nt in the width direction and
welded such that he diameter of the chamber was 8 mm. T n, ne of the short sides
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was welded to fabricate a chamber. The widths of the upper and lower films were 20 and
10 mm, respectively.
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5. Evaluation of Actuators
5.1. Output Characteristics
The deformation and generated torque of the two types of fabricated actuators were
evaluated. The actuators consisted of a non-stretchable ultra-thin film. Therefore, the shape
of the actuator deforms at a very low pressure and the shape is not uniquely determined in
the low-pressure range. In addition, unlike rubber soft actuators, the deformation caused
by the structure of this actuator is much larger than the deformation caused by the elastic
deformation of the material. Moreover, the shape remains the same at pressures above a
certain level. Therefore, the shape of the actuators was evaluated at an applied pressure
higher than the pressure at which the deformation was completed.
The deformation of the pod structure actuator at an applied pressure of 30 kPa is
shown in Figure 15. The bending angle of the central joint, which contributes only to the
angular deformation, was 34◦. The bending angle of the bellows actuator was 35◦ when
the applied pressure was 10.7 kPa. Since the design value was 36◦, the bending angle was
achieved as designed.
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Figure 19. Relationship between the number of repetitive drives of each actuator and the flow rate. 
From this graph, it can be observed that there are areas where the leakage increases 
rapidly and slowly. In the cylindrical chamber, no rapid increase in leakage was observed. 
However, the leakage increased slowly with repeated use. Even chambers without a struc-
ture showed a tendency to slowly degrade with repeated operation.  
The two actuators with a structure showed a rapid increase in leakage with repeated 
motion. This rapid increase was due to the failure of the structure and the durability in 
repetitive operation was reduced by this failure. As a feature of the leakage change, it was 
confirmed that it occurred rapidly, which is unlike normal degradation. The rapid in-
crease occurred at 136 cycles in the bellows type and at 284 cycles in the pod type. In the 
case of the pod structure, the rapid increase subsided and gradually increased, which is 
similar to the deterioration of the cylindrical chamber. Thus, it can be assumed that the 
failure of the structure stopped and did not progress in the pod structure. From the above, 
it was confirmed that the pod structure improved the durability compared to the conven-
tional bellows type. 
6. Conclusions 
In this paper, we proposed a new pod structure, which has an equivalent perfor-
mance  to that of the bellows actuator, without folding a non-stretch film. In addition, a 
method of molding a pod structure on a polyimide film was established and a PI film 
pneumatic actuator was fabricated. Two types of actuators with the same curvature ratios, 
a bellows actuator, and a pod actuator were fabricated and evaluated. Both actuators have 
similar output characteristics and a bending actuator with a pod structure has been suc-
cessfully realized. By evaluating the repetition durability, we confirmed that the pod 
structure has approximately twice the repetition durability than that of the bellows struc-
ture. The pod structure, which does not have a folded structure and does not have an 
unfolded part, is useful for improving the durability. 
As a result, we have succeeded in fabricating an actuator that can perform arbitrary 
bending motions with improved durability by molding non-stretchable film. Conven-
tional chambers with no structure have high durability, but their motion is limited to ex-
pansion and contraction. Therefore, a different mechanism is required to convert the mo-
tion. The pod structure is different from the bellows structure in that the curvature ratio 
can be easily changed. Therefore, it is possible to fabricate pneumatic actuators made of 
films with greater design flexibility. By using the molding process proposed in this paper, 
it will be possible to fabricate actuators with both high durability and complex motion. 
Author Contributions: Conceptualization, D.Y. and T.H.; methodology, D.Y., T.H., M.T., and T.M.; 
software, T.H. and Y.I.; investigation, T.H. and Y.I.; data curation, D.Y. and T.H.; writing—original 
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r t is ra , it ca e ser e t at t ere are areas ere t e lea a e i creases
rapidly and slo ly. In the cylindrical cha ber, no rapid increase in leakage as observed.
o ever, the leakage increased slowly with repeated use. Even chambers without a
structure showed a tendency to slowly degrade with repeated operation.
The two actuators with a structure showed a rapid increase in leakage with repeated
motion. This rapid increase was due to the failure of the structure and the durability in
repetitive operation was reduced by this failure. As a feature of the leakage change, it was
confirmed that it occurred rapidly, which is unlike normal degradation. The rapid increase
occurred at 136 cycles in the bellows type and at 284 cycles in the pod type. In the case of
the pod structure, the rapid increase subsided and gradually increased, which is similar
to the deterioration of the cylindrical chamber. Thus, it can be assumed that the failure of
the structure stopped and did not progress in the pod structure. From the above, it was
confirmed that the pod structure improved the durability compared to the conventional
bellows type.
6. Conclusions
In this paper, we proposed a new pod structure, which has an equivalent performance
to that of the bellows actuator, without folding a non-stretch film. In addition, a method
of molding a pod structure on a polyimide film was established and a PI film pneumatic
actuator was fabricated. Two types of actuators with the same curvature ratios, a bellows
actuator, and a pod actuator were fabricated and evaluated. Both actuators have similar
output characteristics and a bending actuator with a pod structure has been successfully
realized. By evaluating the repetition durability, we confirmed that the pod structure has
approximately twice the repetition durability than that of the bellows structure. The pod
structure, which does not have a folded structure and does not have an unfolded part, is
useful for improving the durability.
As a result, we have succeeded in fabricating an actuator that can perform arbitrary
bending motions ith improved urability by molding non-stretchable film. Conventional
chambers with o structure have high durabilit , but their motion is limited to expa sion
and contraction. Theref re, a diff rent mec anism is required to convert the otion. The
od structure is different from the bellows structur in that the curvature ratio can be asily
changed. Therefore, it possible to fabricate pneumati actuators made of films with
great r design flexibility. By using he molding process pro osed in this pape , it will be
possible to fabricate actuators with both high durabi ity and complex motion.
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